Ribbon synapses of cochlear inner hair cells (IHCs) undergo molecular assembly and extensive functional and structural maturation before hearing onset. Here, we characterized the nanostructure of IHC synapses from late prenatal mouse embryo stages (embryonic days 14-18) into adulthood [postnatal day (P)48] using electron microscopy and tomography as well as optical nanoscopy of apical turn organs of Corti. We find that synaptic ribbon precursors arrive at presynaptic active zones (AZs) after afferent contacts have been established. These ribbon precursors contain the proteins RIBEYE and piccolino, tether synaptic vesicles and their delivery likely involves active, microtubule-based transport pathways. Synaptic contacts undergo a maturational transformation from multiple small to one single, large AZ. This maturation is characterized by the fusion of ribbon precursors with membraneanchored ribbons that also appear to fuse with each other. Such fusion events are most frequently encountered around P12 and hence, coincide with hearing onset in mice. Thus, these events likely underlie the morphological and functional maturation of the AZ. Moreover, the postsynaptic densities appear to undergo a similar refinement alongside presynaptic maturation. Blockwise addition of ribbon material by fusion as found during AZ maturation might represent a general mechanism for modulating ribbon size.
Ribbon synapses of cochlear inner hair cells (IHCs) undergo molecular assembly and extensive functional and structural maturation before hearing onset. Here, we characterized the nanostructure of IHC synapses from late prenatal mouse embryo stages (embryonic days [14] [15] [16] [17] [18] into adulthood [postnatal day (P)48] using electron microscopy and tomography as well as optical nanoscopy of apical turn organs of Corti. We find that synaptic ribbon precursors arrive at presynaptic active zones (AZs) after afferent contacts have been established. These ribbon precursors contain the proteins RIBEYE and piccolino, tether synaptic vesicles and their delivery likely involves active, microtubule-based transport pathways. Synaptic contacts undergo a maturational transformation from multiple small to one single, large AZ. This maturation is characterized by the fusion of ribbon precursors with membraneanchored ribbons that also appear to fuse with each other. Such fusion events are most frequently encountered around P12 and hence, coincide with hearing onset in mice. Thus, these events likely underlie the morphological and functional maturation of the AZ. Moreover, the postsynaptic densities appear to undergo a similar refinement alongside presynaptic maturation. Blockwise addition of ribbon material by fusion as found during AZ maturation might represent a general mechanism for modulating ribbon size.
synaptogenesis | presynaptic development | ribbon synapse maturation | synaptic heterogeneity I n mammals, synaptic sound encoding occurs at the first auditory synapse between cochlear inner hair cells (IHCs) and postsynaptic neurites of afferent spiral ganglion neurons (SGNs). The highly specialized IHC presynaptic active zones (AZs) are characterized by the presence of proteinaceous electron-dense bodies, called "synaptic ribbons," which are primarily composed of the structural cytomatrix protein RIBEYE (1, 2) . Ribbons provide presynaptic scaffolding, cluster and functionally regulate presynaptic Ca 2+ channels at the AZ membrane (3) (4) (5) , and tether a halo of synaptic vesicles (SVs) (6) . This latter feature is thought to enable rapid and indefatigable vesicular replenishment to the release site-even during periods of persistent stimulation (3, 5, 7, 8) .
In mice, hearing onset occurs around postnatal day (P)12 (9) before which, IHC presynaptic AZs undergo a range of structural and functional refinements. For example, extrasynaptically localized Ca 2+ channels are progressively eliminated from the nonsynaptic basolateral plasma membrane and form-in concert with the corresponding postsynaptic glutamate receptor patchestightly confined clusters at mature presynaptic AZs (3, 10) . Moreover, otoferlin-a large Ca 2+ -binding multi-C 2 domain protein (11, 12) -likely replaces synaptotagmins as the putative Ca 2+ sensor of IHC release during the first postnatal week (13) . This finding reflects a key landmark of functional maturation of this unconventional high-throughput release machinery and is essentially required to faithfully orchestrate vesicular fusion in mature IHCs (14) . Finally, this developmental period is critical for shaping the presynaptic morphology, reducing ribbon counts per synapse and hence, establishing the characteristic monosynaptic connectivity between IHCs and postsynaptic SGNs (10, (15) (16) (17) .
To date, the temporal sequence and underlying molecular mechanisms of AZ assembly, ribbon formation as well as maturation remain to be clarified. In this context, two main-not mutually exclusive-scenarios could be envisioned: (i) individual cytoplasmic RIBEYE molecules may condense directly at the presynaptic scaffold to form rigid (but volatile) ribbons through continuous addition and diffusional exchange of RIBEYE molecules;
Significance
Hearing relies on temporally precise and indefatigable transmission of sensory information mediated by inner hair cell (IHC) ribbon synapses. Synaptic ribbons are electron-dense structures that tether numerous vesicles at the active zone (AZ) and drive neural encoding of acoustical signals by neurotransmitter release. The mechanisms of ribbon formation, AZ targeting and subsequent functional maturation in murine IHCs remain elusive. By combining various high-resolution imaging techniques, we analyzed multiple developmental stages and provide a new hypothesis for the assembly of auditory ribbon synapses from the apical cochlear turn. Our findings suggest that fusion of presynaptic ribbons contributes to the morphological AZ development that is essential for the functional maturation of afferent synaptic transmission within the cochlea.
or alternatively, (ii) preformed RIBEYE aggregates may undergo targeted transport to the basolateral plasma membrane to finally fuse to each other at (or in close proximity to) the AZ. Such ribbon precursors have previously been reported in the cytoplasm of retinal photoreceptors (18) , hair cells of zebrafish lateral line neuromasts (19) , the chicken basilar papilla (20) , and also in mammalian auditory hair cells (17, 21) . However, a detailed study of their cellular origin, molecular composition, mode of transport, and role of these precursors in AZ formation in IHCs is lacking to date. In photoreceptors, ribbon precursors were shown to contain not only RIBEYE, but also other cytomatrix proteins such as bassoon, piccolino, and RIM1 (18) .
Here, we performed a comprehensive morphological analysis of IHC ribbon synapse development in mice-spanning from shortly before birth into adulthood-to advance the understanding of their formation and maturation. To do so, we combined transmission electron microscopy (TEM), electron tomography, focused ion beam-scanning electron microscopy (FIB-SEM) as well as serial block face-scanning electron microscopy (SBF-SEM) and stimulated emission-depletion (STED) optical nanoscopy. We found that IHC ribbon precursors contain piccolino and RIBEYE and reside in close proximity to IHC AZs from embryonic stage (E)18 onwards. Using temporal mapping of several synaptic parameters, we documented the developmental changes of IHC synapses in the run-up to hearing onset. With this systematic approach, we identified a transient developmental period directly before the onset of hearing, where fusion events of synaptically anchored ribbons appear to take place with increased frequency, thereby establishing the mature presynaptic morphology and increasing the vesicular tethering capacity that is essential for indefatigable release. Moreover, our data suggest that ribbon precursors employ an active mode of transport for targeted delivery to the presynaptic AZ.
Results

Afferent Contact Formation Precedes Presynaptic Ribbon Attachment
at IHC AZs. To investigate the developmental assembly and maturation of IHC ribbon synapses of apical turn organs of Corti, we performed a detailed ultrastructural analysis ranging from late embryonic stages into adulthood. In these experiments, we selected narrow age groups that seamlessly covered the entire developmental period before hearing onset and beyond (i.e., E14, E16, E18, P0-1, P2-4, P9, P12, P14-15, P19-20, P34/P48). In a first experimental set, we investigated the basolateral regions of E14, E16, and E18 IHCs to determine initial AZ formation (SI Appendix, Fig. S1 A-C′). Here, differentiated IHCs could be identified as early as E14, with the first detectable afferent fiber contacts by E16-a finding consistent with previous reports (15, (22) (23) (24) . Interestingly, before E18, we never observed synaptic ribbons, SVs, or obvious electron-dense AZ specializations of any kind at these early stages (SI Appendix, Fig. S1 A-B′). In contrast, from E18 onwards, small cytoplasmically floating as well as membrane-attached ribbon precursors could be detected juxtaposed to developing postsynaptic densities (PSDs) (SI Appendix, Fig. S1 C-C′) . Hence, we conclude that afferent contacts are established before the arrival of ribbon precursors at IHC AZs.
Upon Maturation, Ribbon Size and SV Number Increase, While SV Diameter and Ribbon Number per AZ Are Progressively Reduced.
Next, we performed a comparative analysis of IHCs of all age groups that possess synaptic ribbons (E18-P48). In these experiments, we initially concentrated on general morphological features of IHC presynaptic AZs, such as ribbon size and number ( Fig. 1 A-F) , as well as additional parameters, including SV diameter and counts in random ultrathin 2D sections of conventionally embedded organs of Corti ( Fig. 1 G and H) . In embryonic and early postnatal IHCs, we mostly found accumulations of E 100 80 % of ribbon number per synapse E 1 8 P 0 -1 P 2 -4 P 9 P 1 2 P 
P9 (N=2, n=395) P48 (N=2, n=176) E 1 8 P 0 -1 P 2 -4 P 9 P 1 2 P 1 5 P 1 9 -2 0 P 4 8 E 1 8 P 0 -1 P 2 -4 P 9 P 1 2 P 1 5 P 1 9 -2 0 P 4 8 Table S1 . *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (I) Schematic drawing summarizing the main morphological features affected by developmental maturation.
small round ribbons that exhibited multiple attachment points at the presynaptic plasma membrane. In contrast, after the onset of hearing, larger ribbons with a single continuous membrane anchor dominated the presynaptic morphology ( Fig. 1 A-E), as shown previously (10, 17) . Next, we mapped developmental changes in ribbon size by measuring maximal ribbon height, width, and area excluding the presynaptic density ( Fig. 1F and SI Appendix, Fig. S2 A-C). Our data indicate that synaptic ribbons continuously grow before reaching their mature size at hearing onset at ∼P12 (Fig. 1F and SI Appendix, Table S1 ). Interestingly, we observed fenestrated "hollow" ribbons that occurred from P9 onwards (0.40%), as previously described for ribbons of different ages (17, 25) . Their proportion increased to ∼17% during maturation, but remained remarkably stable after hearing onset (SI Appendix, Fig. S2 D-F) .
For the characterization of presynaptic SV populations, we counted the number of SVs in the first layer around the ribbon within a maximum distance of 80 nm (SI Appendix, Fig. S2 A and A′) and observed a steady increase in SV number per ribbon upon maturation ( Fig. 1G and SI Appendix, Fig. S2G and Table S1 ; from E18: 4.48 ± 0.16 to P48: 13.98 ± 0.36; P < 0.0001 nonparametric multiple comparison test). Intriguingly, the mean SV diameter continuously decreased in the run-up to hearing onset, but stabilized thereafter ( Fig. 1H and SI Appendix, Fig. S2H and Table S1 ; from E18: 47.00 ± 0.28 nm to P48: 34.86 ± 0.13 nm; P = 0.0052 Kruskal-Wallis test).
In summary, our data show that AZs of immature IHCs are mainly occupied by multiple small ribbons that are surrounded by large SVs. In contrast, AZs of mature IHCs displayed large, predominantly single ribbons that harbor a larger population of smaller-sized SVs (Fig. 1I ).
Postsynaptic Maturation Is Characterized by a Transition from Several
Small PSDs to One Single, Continuous PSD. Previously, we could show that PSD length increases upon maturation from P6 to P20 (10) . To now gain more detailed and time-resolved insights into this process, we quantitatively analyzed the number of PSDs per afferent contact and measured individual PSD length in random ultrathin sections of all aforementioned age groups (SI Appendix, Fig. S3 A and B) . In these experiments and in contrast to previous findings (21), we could clearly identify individual PSDs from E18 onwards and observed a progressive decrease in PSD number per AZ alongside an increase in PSD length throughout pre-and postnatal maturation (SI Appendix, Fig. S3 C and D and Table S2 ). From these observations we propose that, upon maturation, several small PSDs merge into a single large PSD (SI Appendix, Fig. S3E ).
Fusion of Ribbon Precursors Is a Critical Step in Presynaptic AZ
Maturation and Determines the SV Tethering Capacity. Consistent with previous reports (21), we frequently observed "floating ribbons" in close proximity to membrane-anchored ribbons, primarily in IHCs of prehearing animals, which likely represent ribbon precursors ( Fig. 2 A and E and SI Appendix, Fig. S4 A and B). These floating ribbons were decorated with a full set of SVs and could also be observed in mature animals, though at drastically reduced frequency. Interestingly, we observed putative fusion events of floating and membrane-anchored ribbons ( Fig. 2 B and C and SI Appendix, Fig. S4 C and D) that have also recently been described to occur in zebrafish lateral line neuromast hair cells (19) . In mouse IHCs, these events encompassed apparent fusion of (i) two membrane-attached ribbons at the same presynaptic AZ ( From P12, we found a clear drop in the number of floating ribbons ( Fig. 2E ) and overall ribbon counts per synapse, suggesting a dedicated cellular mechanism that streamlines AZ morphology. Two main scenarios can be envisioned in this context: either (i) fusion of ribbon precursors to form single AZ ribbons or (ii) pruning of surplus ribbons via degradation. To now differentiate between these scenarios, we analyzed random single EM sections alongside two-color 2D STED images. Here, while we predominantly observed these events around the onset of hearing (P12) in our EM analysis of random ultrathin sections (Fig. 2E ), the increased sample screening capacity of immunohistochemistry and STED microscopy allowed us to identify these events in a wider developmental time window. Indeed, our analysis confirmed the existence of ribbon shapes indicative of fusion at AZs also in P7 and P14 IHCs ( even extends after hearing onset (summary in Fig. 2G ). However, due to the nature of 2D data, false positives for floating ribbons could result from their orientation to the projection plane. Hence, to eliminate such bias, we turned to high-resolution 3D electron tomography in a small subset of samples ( To now investigate ribbon synapse maturation over a wider developmental range (i.e., P7-P14, with a focus on P10-12), we employed two-color 2D STED optical nanoscopy (Fig. 4) . In these experiments, we selected the maximum intensity planes of large amorphously shaped RIBEYE-immunoreactive spots that were juxtaposed to a clearly demarcated PSD95 cluster (as initially assessed at confocal resolution) for STED imaging (Fig. 4  A and B) . We focused our analysis on optical planes, where we could clearly establish synaptic orientation (i.e., based on PSD95 cluster shapes: either side profiles or direct en face "top" views; Fig. 4 B and C) . Here, the high lateral resolution of 2D STED nanoscopy facilitated the distinction of individual ribbons at a given synapse and revealed a large number of multiribbon synapses in samples from >P7 IHCs. These ribbons progressively increased in size and decreased in number toward hearing onset, consistent with the fusion of initially separate-though membrane-anchored-ribbon complexes. Finally, synapses from ∼P12 onwards appeared to harbor large, predominantly single ribbons (Fig. 4C) . Therefore, although we cannot fully exclude the possibility of an additional pruning mechanism degrading surplus membrane-anchored ribbons, our data clearly favor the fusion hypothesis. To further test this, we aimed to quantify the RIBEYE-occupied volume per AZ across all age groups. However, due to the high STED laser powers required to obtain sufficient lateral resolution and the concomitant photobleaching resulting from 3D data acquisition as well as the varying size and distribution of ribbon precursors at individual AZs (e.g., ringshaped ribbon clusters or double row configurations of 2 × 3 ribbons in Fig. 4C ), we refrained from quantitative analysis of these data. Future live-cell experiments will be required to ultimately clarify this issue, but recent evidence from zebrafish lateral line neuromast hair cells (19) further supports the fusion hypothesis.
Dense-Core Vesicles Appear in Close Proximity to IHC Presynaptic AZs
During Early Development (E18-P4). Interestingly, in addition to ribbon precursors, we detected dense-core vesicles (DCVs) close to IHC AZs in E18-P4 animals (SI Appendix, shape with electron-dense core and are easily distinguishable from SVs; however, the very low overall density, small but highly variable size (∼50 nm < DCV < ∼180 nm, SI Appendix, Fig. S4J and Table S2 ) and apparently temporally tightly confined occurrence of these structures limited their analysis in our preparation. Interestingly, in our electron micrographs and EM tomograms, we regularly observed cytoplasmic ribbon precursors that were lined up alongside microtubules (MTs) in various instances (∼25%), a finding that may suggest active cytoskeletal transport ( Fig. 5 A and B and SI Appendix, Fig. S5 A-B′). Subsequent STED analysis confirmed the close approximation of CtBP2-positive synaptic ribbons and α-tubulin containing MTs within the IHC basolateral compartment (Fig. 5C ). To address this in more detail, we measured the distance of the closest precursorassociated SV (PA-SV) to adjacent MTs in electron micrographs of P9 IHCs (Fig. 5D ) and found a highly skewed distance distribution with a clear accumulation of PA-SVs in close proximity to MTs (median shortest distance: 32.92 nm; Fig. 5D′ ). The observed distance is compatible with kinesin-based MT/ cargo interaction (25-30 nm for kinesin isolated from bovine brain; ref. 37) supporting our hypothesis of molecular motors linking MTs and PA-SVs. Together, these findings may suggest the involvement of an as-yet-undescribed MT-based transport system that actively shuttles ribbon precursors to the AZ. In an attempt to identify putatively involved molecular motors linking PA-SVs to MTs, we next performed immunohistochemical screening for selected kinesins and analyzed their association with RIBEYE-or CtBP2-positive structures in IHCs. Guided by previously published RNA-sequencing data of developing IHCs (38), we concentrated our efforts on motors with the highest overall IHC expression levels that were additionally reported to be involved in organelle or SV/DCV precursor transport, such as the MT plus end directed motors KIF1a, KIF2a, and KIF5 ( Fig. S5C′ ). However, future live-cell analysis will be required to fully clarify this issue.
Insights into the Molecular Constituents of Developing Ribbons. In line with previous work on retinal preparations (18, 36), we detected piccolino on floating ribbon precursors as well as membrane-attached ribbons from P2 throughout the course of development (probed at P2, P9, P14, and P21) using both, preembedding immunogold EM labeling and immunohistochemistry followed by STED microscopy ( Fig. 6 A-D′ and SI Appendix, Fig. S6 A-D) . Consistent with previous immunogold EM studies of photoreceptor ribbons (35, 40) , CtBP2-labeling identified RIBEYE as the main component of the ribbon (1) and was detected across the whole surface of the ribbon, independent of the developmental age (SI Appendix, Fig. S6 E-L) . Interestingly, until ∼P14, piccolino was seen to be predominantly localized at the upper part of the ribbons by both STED microscopy ( Fig. 6 A-C) and immunogold EM ( Fig. S6D ), thus indicating maturational redistribution of piccolino localization (Fig. 6 E-F′) .
In summary, we demonstrate substantial morphological changes of afferent IHC synapses from prehearing to hearing regarding (i) SV diameter as well as number, (ii) ribbon size and counts per afferent contact, and finally (iii) number of ribbon precursors floating in the cytoplasm. In addition, we observed that synaptic ribbons appear to fuse at increased frequency around the onset of hearing. Finally, we found evidence for a kinesin-based ribbon precursor transport pathway operating in IHCs.
Next, we asked whether the number of ribbons as well as their size distributes in a predetermined spatial pattern within an individual IHC and if so, whether such a distribution is already established before hearing onset.
Establishing IHC Ribbon Synapse Heterogeneity. Consistent with previous work (10, 17, 41) , our analyses of ultrathin sections, EM tomograms, and immunohistochemistry revealed a high degree of diversity regarding ribbon shapes and sizes, even in functionally mature IHCs. In addition to the already described developmental decline in ribbon number, confocal imaging further revealed a high variability in ribbon morphology within individual IHCs ("presynaptic heterogeneity," Fig. 7A and A' ). This heterogeneity has previously been described for cats and mice, where ribbon size as well as number and voltage-dependent activation of Ca 2+ channels strongly depend on the subcellular localization (16, (41) (42) (43) (44) . Accordingly, synapses localized at the modiolar (neural) side of the IHCs appear to contain large or multiple ribbons per AZ and drive low spontaneous rate, high threshold SGNs, whereas smaller ribbons commonly oppose high spontaneous rate, low threshold neurons, and are mostly situated at the pillar (abneural) side (16, 43, 44) . To characterize the underlying subcellular processes from a developmental perspective, we utilized SBF-SEM and FIB-SEM to assess the morphological heterogeneity of ribbons from intact mouse IHCs with unprecedented spatial resolution. Both techniques allow the direct whole-cell analysis of ribbon size distribution within the context of the unperturbed tissue at a resolution level permitting quantification of individual SVs on floating and/or membrane-attached synaptic ribbons. Here, while our initial and basic quantitative analysis was performed using SBF-SEM (SI Appendix, Fig. S7 I and J) , we finally resorted to FIB-SEM due to the greatly improved z resolution of this approach and, hence, more detailed quantification possibilities. In these experiments, we visualized the entire basolateral compartment, including presynaptic ribbons and postsynaptic SGN fibers (Movie S1) of two IHCs each from three selected age groups (P9, prehearing; P15, after hearing onset; and P34, mature) and determined several parameters such as ribbon number and size in regards to their subcellular position (Fig. 7 B-E) . Here, IHCs were hemisectioned layer by layer and separated into modiolar and pillar halves (refer to SI Appendix, Materials and Methods for further details). Consistent with previous studies (25, 44, 45) , we found fewer ribbons at the pillar side and a higher number of ribbons on the modiolar side across all three age groups (Fig. 7 C-E and K and SI Appendix, Fig. S7 A-C) . Moreover, the ribbon shape changed from predominantly round (Fig. 7 F and G) to mature wedge-or droplet-like ribbons (Fig. 7  H-J) , which regularly exhibited an electron-lucent core in P15 and P34 animals ( Fig. 7 H and J) , as described in our random sections. In line with our random section analysis, throughout IHC development, SV numbers increased with growing ribbon size, independent of the subcellular location ( Fig. 7L and SI Appendix, Fig. S7D and Table S3 ). Further, multiple ribbons per afferent contact (Fig. 7 F and I) could be observed most frequently in P9 IHCs (SI Appendix, Fig. S7E ). However, double and triple ribbons still occur in ∼25% of the synapses at P34, where the distances between these mature ribbons were on average shorter than those observed at multiribbon contact sites of P9 IHCs (SI Appendix, Fig. S7F ). However, the shortest distances between ribbons of the nearest neighboring synapses, did not change during development (SI Appendix, Fig. S7G ). Additionally, floating ribbons with an average distance of 117.22 ± 32.51 nm to the plasma membrane could be observed particularly in P9 (Fig. 7 G and K and SI Appendix, Fig. S7H ) and-in contrast to previous studies (21)-solely in the basolateral, but not the supranuclear compartment (SI Appendix, Fig. S7K and Movie S2). Surprisingly, afferent fibers of all age groups exhibited ribbonless afferent contacts with IHCs (i.e., lacking synaptic ribbons, but exhibiting a clear physical contact; at 18.48% of IHC AZs)-a feature that could be observed with comparable frequency at both pillar and modiolar sides (P9, modiolar 5.7% vs. pillar 5.7%; P15, modiolar 8.0% vs. pillar 12.0%; and P34, modiolar 12.5% vs. pillar 12.5%). If these latter connections are indeed synaptically engaged and which, if any, role they play in cochlear sound encoding remains to be determined.
Quantification of ribbon size showed a strong trend toward increased volumes in P15 and P34 IHCs (Fig. 7L and SI Appendix, Table S3 ). Interestingly, analysis of the total ribbon-occupied volume per afferent contact, i.e., where all ribbons of one individual afferent contact were summed up, showed comparable mean volumes per contact between P9, P15, and P34 IHCs (Fig.  7M and SI Appendix, Table S3 ), thereby supporting our hypothesis that ribbon fusion, not pruning, is an essential process for structural confinement of IHC AZs. Moreover, multiple ribbons per afferent contact were predominantly found at the modiolar side of all investigated age groups (SI Appendix, Fig. S7E ), thereby indicating a location dependence of afferent contact sites.
In line with our above observations, despite an overall reduction of ribbon number per AZ, SV counts per contact increased upon maturation, but remained constant after hearing onset (Fig. 7N and SI Appendix, Table S3 ).
Discussion
In the present study, we provide a detailed and comprehensive characterization of auditory ribbon synapse formation and maturation of murine apical coil IHCs. Using a combinatorial approach of ultrastructural analyses and superresolution microscopy, we dissected , and 90th percentiles with individual data points overlaid (n.s. > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
the morphological changes of IHC presynaptic AZs with unprecedented spatial and temporal resolution, ranging from late embryonic to adult stages (summarized in Fig. 8 ). Specifically, we show that (i) afferent contacts between IHCs and SGNs are established before ribbon attachment at the presynaptic membrane; (ii) ribbon size and SV numbers per AZ increase rapidly until hearing onset, while SV diameter successively decreases during maturation; (iii) ribbon precursors as well as membrane-anchored ribbons seem to fuse at the presynaptic membrane to generate mature, predominantly single ribbons; (iv) cytoplasmic ribbon precursors appear to employ an active, MT-based mode of transport to the AZ; (v) independent of their developmental age or subcellular location, piccolino seems to be an integral part of IHC ribbons; and finally, (vi) presynaptic morphological heterogeneity is established before hearing onset and a fraction of-predominantly modiolar-multiribbon AZs persist into adulthood. Therefore, this study provides deeper insights into the developmental assembly and molecular maturation of these remarkable synapses.
Establishment of Synaptic Connectivity at IHCs. Afferent fibers approaching IHCs could be observed as early as E16; however, in accordance with previous findings (15, (22) (23) (24) , first ribbon attachment and initiation of synapse formation occurs at ∼E18.
Our data indicate that synaptic contact formation-as characterized by a clearly demarcated pre-and postsynaptic densityoften precedes ribbon attachment at the AZ membrane. Hence, these findings contradict previous work, which suggested that presynaptic AZ assembly in IHCs initiates PSD formation in afferent neurites (21) . The temporal sequence of events forming a fully mature ribbon-type AZ still needs to be defined; however, recent studies on RIBEYE-KO mice indicate that, in IHCs, features like PSDs, presynaptic densities, and the presence of Ca 2+ channels and bassoon develop independently of ribbon presence (5, 7).
Fusion of Synaptic Ribbon Precursors Is a Key Process in Presynaptic
Maturation. Our data provide direct evidence that fusion of ribbons takes place at developing IHC AZs, hence clarifying the conundrum whether ribbon fusion or presynaptic pruning determine the morphological maturation that finally establishes AZs with predominantly single ribbons in IHCs (10) . We propose that fusion of floating ribbon precursors to membrane-attached ribbons, as well as fusion of two neighboring membrane-anchored ribbons, provides cellular mechanisms to reduce ribbon numbers while regulating ribbon size and hence assures synaptic confinement. Interestingly, our 3D analyses of the basolateral compartment of several IHCs revealed comparable summed ribbon volumes per afferent contact between P9 and P34 IHCs, thereby suggesting that presynaptic RIBEYE levels-independent of actual ribbon number-remain remarkably constant during synapse maturation. However, mature ribbons exhibit an elongated shape (10, 17) and are capable of tethering an increased number of smaller-sized SVs to ensure efficient and indefatigable SV replenishment even during periods of ongoing activity. Alongside other structural and functional maturation steps-such as (i) the confinement of presynaptic Ca 2+ channel clusters, (ii) the transition from Ca 2+ micro-to nanodomain-like control of exocytosis, (iii) the maturation of SV reformation and glutamate loading pathways, and (iv) the postsynaptic merging and remodeling of PSDs and glutamate receptor patches (this study and ref. 10)-these processes likely result in the minimization of temporal jitter and thereby enable the exquisite temporal precision of synaptic transmission that is characteristic for mature IHC AZs.
In addition, our findings show that ribbon precursor formation occurs at a distance to the AZ as floating precursors with tethered SVs were found in the cytosol. Thus, while we cannot fully exclude a role of diffusional addition of individual cytosolic RIBEYE molecules (19, 46) , we propose that the main mechanisms for developmental ribbon growth in mammalian IHCs is ribbon precursor fusion. It is tempting to speculate that the blockwise modulation of ribbon size-and concomitant SV tethering capacity-as observed here during development, may also present a form of presynaptic plasticity to accommodate for distinct states of activity. In this context, previous work on photoreceptor and pinealocyte ribbons suggested activitydependent volume regulation of these presynaptic scaffolds that varied with illumination exposure (47) (48) (49) . Such fusion and/ or budding of SV-bearing ribbon blocks with membraneanchored ribbons may present an efficient mechanism to rapidly modulate ribbon SV storage capacity in mature IHCs, likely exceeding the adaptive capacity provided by addition/loss of soluble RIBEYE. However, in the present study, the occurrence of cytosolic precursors was largely reduced once the final ribbon size was established at hearing onset. Moreover, the presence of fenestrated, hollow ribbons, which can be observed before P9 (this study and ref. 17 ) might indicate an aging process of synaptic ribbons suggestive of a limited lifetime of the structure as a whole. Therefore, future studies should investigate synaptic ribbon turnover rates in mammalian IHCs and assess the relative contributions of diffusional exchange of soluble RIBEYE molecules and blockwise addition/removal of ribbon material, respectively, for ribbon maintenance and plasticity after hearing onset.
The Molecular Identity of IHC Ribbon Precursors and Their Transport to the AZ. Early after birth, we found both SV-tethering ribbon precursors as well as DCVs close to IHC AZs, as reported previously (21) . In contrast to piccolo-bassoon transport vesicles (PTVs) (32, 33) , which mediate AZ assembly at conventional synapses, our immunogold analysis did not detect piccolino or CtBP2 labeling on DCVs of IHCs. In contrast, piccolinoalongside CtBP2-was found on floating ribbon precursors as well as membrane-attached ribbons in both immature and mature age groups, suggesting heteromeric molecular assembly within the cytosol before the translocation to the AZ. Hence, these data largely extend previous observations from retinal photoreceptors reporting piccolino expression at membrane-anchored ribbons (35, 36) . We note that the observed DCVs were heterogeneous in size and their average diameter exceeds what has previously been published for PTVs (32) . Therefore, we favor the hypothesis that AZs in IHCs are established via membrane attachment of ribbon precursors and is largely independent of PTVs. We propose that these DCVs may contain neurotrophins to guide neuronal pathfinding and boost SGN survival in the early postnatal organ of Corti. For example, Bdnf was detected in IHCs as well as outer hair cells (OHCs) until the age of ∼P10 and was additionally described in supporting cells at early postnatal ages (P1-P6) (50) (51) (52) . Similarly, neurotrophin-3 (Ntf3) is found in postnatal and adult cochlear IHCs as well as supporting cells (50, 51, 53) . Independent of the analyzed age group, our observations indicate a predominantly basolateral synthesis of ribbon precursors in the cytosol. This finding contrasts with previous studies that reported the frequent occurrence of floating ribbon precursors in the supranuclear compartment of both IHCs-but mainlyOHCs (21) . While this latter observation may suggest a role of the apically located Golgi apparatus in precursor synthesis, our data rather support the hypothesis of cytoplasmic RIBEYE selfassembly via RIBEYE-RIBEYE interactions (46) (47) (48) 54) . However, such mechanisms are not mutually exclusive and moreover may be differentially regulated depending on maturational stage and tonotopic position of the IHC under investigation.
Finally, the mode of transport facilitating targeted delivery of native ribbons to the presynaptic AZ remained largely elusive. In this context, MTs have previously been described to terminate in close proximity to ribbon synapses of various cell types in different species (55) (56) (57) and our data now directly implicate MTbased transport in this process, likely involving the kinesin motor KIF1a. KIF1a has previously been shown to mediate SV precursor and DCV transport in neurons (58) (59) (60) and hence, may serve as a molecular linker between PA-SVs and MTs. Future studies will have to test this hypothesis in more detail.
Establishing Synaptic Heterogeneity: An Ultrastructural Perspective.
It is commonly believed that the monosynaptic connections between IHCs and afferent SGNs are predominantly characterized by single ribbons decorating the presynaptic AZ. However, in an experimental tour de force, Merchan-Perez et al. previously showed that this general view might be too simplified, as ∼20% of ribbon synapses analyzed in adult cats still displayed multiribbon contacts (16, 41) . Interestingly, these multiribbon contacts were innervated by low spontaneous rate SGNs contacting the modiolar (neural) side of these IHCs. Similarly, in the apical turn of the mouse organ of Corti, we observed a subpopulation of multiribbon contacts primarily at the modiolar side that was retained into adulthood and hence, our data corroborate the importance of this morphological feature and conservation across distinct species. This finding is significant since the occurrence of multiple ribbons per afferent contact strikingly increases the availability of SVs and likely also presynaptic Ca 2+ channels. Moreover, given that synaptic ribbons appear to reach their final dimensions already around the onset of hearing, maximum ribbon size appears tightly regulated. Hence, multiple ribbons per AZ may offer a molecular bypass, allowing the strengthening of individual synapses.
Using FIB-SEM, we were able to reconstruct the entire basolateral compartments of several hair cells and analyze the developmental reorganization taking place prior and subsequent to hearing onset. This method allowed the analysis of several synaptic parameters in 3D and hence majorly extends previous work on this topic (16, (42) (43) (44) 61) . Here, multiribbon afferent contacts could be detected-predominantly at the modiolar side of IHCs-across all age groups. In addition, our data indicate that over the transitional period around the onset of hearing, this spatial arrangement remains unchanged. Notably, in our P9 preparation, floating ribbon precursors could only be detected on the modiolar side, a finding that may, at least in part, result from the low sample size and number of animals inspected in this study and the tonotopic position of the IHCs under investigation. In addition, the observation of floating precursors on the pillar side may be statistically less probable due to the generally lower ribbon counts on this side. Consistent with our random sectioning data, ribbon size slightly increased for both the pillar and modiolar side, with a trend toward more and larger ribbons at the modiolar side. This is consistent with the findings of recent studies investigating presynaptic Ca 2+ influx in murine IHCs (42, 44) . Taken together, these data indicate that aspects of synaptic heterogeneity in IHCs are established early during maturation and before hearing onset. Moreover, locationdependent release capacity might directly contribute to the described functional differences observed in the firing properties of SGNs. The large modiolar AZs contain more Ca 2+ channels, likely enabling high maximal rates of release, but operate at more depolarized potentials (44) . Therefore, despite having more Ca 2+ channels and SVs, modiolar AZs might actually release less at resting potentials and during weak stimulation, thereby offering a presynaptic hypothesis for the low spontaneous rate, high threshold SGNs. However, upon strong stimulation, their higher release capacity, in turn, might cause their vulnerability to excitotoxicity caused by noxious noise (62) . In contrast, the smaller AZs at the pillar side show a more hyperpolarized operating range of presynaptic Ca 2+ influx, which could explain the high spontaneous rate and low threshold of the postsynaptic SGNs (44) . Future studies will be needed to test the presynaptic, postsynaptic, and efferent mechanisms that likely codetermine the firing properties of SGNs.
Materials and Methods
All experiments complied with national animal care guidelines and were approved by the University of Göttingen Board for Animal Welfare and the Animal Welfare Office of the State of Lower Saxony.
For detailed description of immunohistochemistry, confocal and superresolution STED imaging, conventional embedding and transmission electron microscopy, electron tomography, immunogold preembedding, SBF-SEM and FIB-SEM of the entire basolateral IHC compartment, and data analysis, see SI Appendix. M.) ]. This work was also supported by a Creutzfeldt Fellowship from the Elisabeth and Helmut Uhl Foundation (to C.V.) and additional funding from an intramural grant provided by the University Medical Center Göttingen (to C.V.).
